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FRETTING INDUCED FRACTURE OF COUPLING DRIVEN SHAFTS

James S. Laub, Senior Engineer
Carrier Corporation, Syracuse, New York

the source of fatigue crack initiation. Fractography is used to guide and check the analysis.

ABSTRACT
Failures of externally driven compressor crankshafts may sometimes be due to fretting induced
fatigue cracks. Fretting is a degradation process
which occurs between two faying surfaces where the
relative motion between the components is very small.
Discoloration, fine o~ide powder, and shallow
surface pitting are the definitive signs of fretting and hence relative motion between components.

Once a crack has formed, linear fracture mechanics
concepts can be brought to bear on the problem.
From this it is readily apparent that normal fatigue
crack growth laws are not being followed. This
requires the invocation of an additional crack
driving force which from inspection is the o~ide
debris wedge manufactured by the faying surfaces.
The oxide wedge can be considered to provide another
fracture toughness parameter like Ksec called KIF .

Fracture analysis of a fretting induced fatigue
failure will show one or more crack initiation sites
originating from fretting pits. Simple, static
stress analysis will often show that the gross
operational stress cycles are far below the material
fatigue limit; however, by involking accepted microscopic processes, local stresses in the pit surfaces
may be in the low cycle fatigue range. Even so,
fracture mechanics concepts would indicate that the
small surface cracks should grow into the lower
stressed bulk material of the shaft and become
arrested. That this does not occur requires a third
mechanism to continue to drive the crack. In many
case histories of very short shaft life at low
driving stress levels, this third mechanism must be
very strong indeed.

The overall purpose of this paper is to give some
insight into the comple~ failure mechanism of fretting. 1bis failure mechanism can cause very early,
catastrophic failure of lightly loaded machine
components and as such it is the causative agent of
a great deal of damage that may be difficult to
explain unless the complete process is understood.
Fretting is particularly dangerous since its nature
is e~tremely unpredictable in milder cases than the
one examined here. Fretting induced fatigue failures are responsible for a large number of delayed
failures. In these situations, mild fretting may
go on for a long time or sometimes tightly assembled
components loosen over an ~tended period of time
and the onset of fretting is delayed. In cases such
as this, a fatigue failure may suddenly occur in a
macb~ne which has been operating reliably for a long
time. Tb~s unpredictability of fretting failures
has led to rejection of components with any evidence
of fretting whatsoever in life test prototypes in
instances where failure cannot be tolerated.

This paper suggests that the crack front driving
mechanism is assisted by a continuously manufactured
debris wedge. The implications of this in fracture
mechanics terms are examined and discussed with the
objective of a comprehensive explanation of the
failure mechanism with potential applications in any
Mode II crack opening failure.

STRESS ANALYSIS OF A TYPICAL SHAFT FAILURE

Prevention of this type of failure is easily effected
by eliminating the. possibility of relative motion
between contact surfaces. One well known method of
doing this is to install the parts with an appropri~
ate interference fit. Some discussion of the
required degree of interference fit is given along
with practical design considerations.

Figure 1 shows general features of a fractured externally-driven reciprocating compressor crankshaft. A
visual examination of the fracture surface was
sufficient to show that the failure was due to
fatigue, initiated at a few locations by fretting
pits on the shaft surface near the boundary of the
coupling contact area. Once the fracture was initiated, propagation was continuous and stable as shown
by the lack of fracture arrest markings (Figure lb)
for the entire history of the failure. An extremely
small final, unstable fracture shear lip showed that
the unit was operating normally to the very end of
its life. The failure diagnosis was fatigue fracture

INTRODUCTION
This paper examines the case history of a typical
shaft failure induced by fretting. A straightforward
classical stress analysis carried to the small scale
case of welded surface asperity breakage indicates
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induced by fretting, propagated by torsional stress
cycles.

Hardness

265 Brinell

traditionally called "cocoa". Huch of the shaftcoupling interface area is covered with this mate-rial. The entire fracture surface is also finely
oxidized. The fatigue crack initiation at the
bottom of the fretting pits may then be the result
of low cycle fatigue stress levels somewhere between
56 and 128 ksi (388 to 883 HPa). Of course these
levels will only be achieved when a local asperity
is welded and broken, not necessarily on every cycle.
This is one of the reasons for the extreme unpredictability of fretting fatiguecrack initiation.

Fatigue strength

56 ksi (388 HPa)

FRACTURE HECHANICS ANALYSIS OF THE INITIATED CRACK

This shaft is a steel forging with average mechanical properties as follows:
Ultimate tensile strength

128 ksi (883 MPa)

0.2% offset yield strength

112 ksi (773 MPa)

Elongation in 2 inches

23%

There is no heat treatment in the failure area and
the machined surface of the shaft was not damaged
other than at the coupling contact. The coupling
was class 30 grey iron keyed to the shaft and
secured by a screw and flat washer.
The shaft loading in this area is predominatly due
to the drive torque cyclic pulsations. These have
been calculated to be 3,720 in. lb. m~imum and were
measured on the job site to actually be 1,550 in. lb.
with all cylinders loaded and less when any number
of cylinders are unloaded. At the fracture section
of the 2 inch diameter shaft, the cyclic stress due
to the driving torque pulsations under the absolute
worst case conditions above are approximately:
T

=

2T
= 2.37 ksi (16 MPa)
nr 3

Since this area of the shaft is in pure shear the
nominal principal mode I crack opening stress is
also 2.37 ksi (16 HPa).

With the very small semicircular cracks initiated at
the fretting pit bottoms, the stress intensity solution for a half penny shaped surface crack given by
Hartranft and Sih (3) can be used. For a crack
radius, a, of 0.003 in. i.e. a crack length 3 times
the diameter of the initiating pit, and the general
stress of 2.4 ksi, the stress intensity varies
around the crack boundary angle e as!

In the interest of completeness, we may also examine
the maximum stress at the bottom-side radius of the
keyway even though the keyway can be seen by inspection to have played no active role in this failure.
From (1) the keyway elastic stress concentration
factor is found to be 3.75 hence the maximum shaft
stress in the general failure vicinity should be:
0

max

Kt anom

= 8.9

In the'course of the example fracture history, the
stage of small surface flaws was probably reached
late in life. This conclusion was dictated by the
general roughness of the entire fracture surface,
even adjacent to the initia~ion sites, and the lack
of any evidence of fatigue crack arrest fronts
(beach marks). The hackle marks formed in the direction of crack front motion, seen in Figure lb
indicate that the crack growth rate increased progressively and regularly through the propagation
history. Figure 2b shows the scale of size of the
surface flaws and from this the initial apparent
stress intensity K can be estimated. Note that K
will be the mode I crack opening stress intensity,
because even though the shaft is being loaded in
torsion, the fracture is opening on a helix normal
to the maximum principal (tensile) stress throughout
the course of its growth.

K = 1_

CJ

7f

ksi (61 MPa)

Ia

f(e)

The maximum value of f(8) is found to occur at about
3Q to the free surface and then falls off toward the
center of the semicircle. This helps shape the
crescent or thumbnail geometry of the gross fracture.
At the maximum intensity point, f(~} ~ 1.23 and the
early stress intensity, K, is:

This value is far below the fatigue strength of the
shaft in pulsating tension which can be estimated
from the modified Goodman relation to be at least
78 ksi (538 MPa) for the shaft surface prior to
fretting.
The fracture morphology of Figure 2 shows that the
actual fatigue crack initiation sites were at the
bottom of fretting pits. These pits are formed by
the alternate friction welding and breaking of surface asperities on the two faying surfaces (2). In
order to break the welded material of the shaft
surface, the local stress at the base of the asperities is at the fracture strength of the material.
Because of the loose fit of the coupling on the shaft
some surface asperities may be friction welded and
broken during each torque pulse, Surface degradation
and material attrition can be quite rapid. Some of
the fretting pits may be formed by tearing out material in the course of this process. The fresh hot
surfaces thus exposed are rapidly oxidized and some
of this debris is ground into very fine red dust
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K

= lx
11

2,4

X

0.055

X

1.23

0,1 ksi

lin.

Figure 3 shows this point on a typical crack growth
rate chart along with some other data for several
steels taken from (~). It is readily apparent that
the value calculated is far below what would normally be considered a threshold crack growth intensity. The crack growth rate, da/dN, can only be
estimated from the general fracture appearance, but
as pointed out previously, it appears normal in all
respects of the gross morphology. Because of superficial abrasion and oxidation of the surface, no
striation spacing counts can be made, From the
overall appearance; however, it seems reasonable to
plot the crack growth line parallel to and across
the same growth rate range as the stable (stage II)
crack growth line for the other steels. This is how

is particularly virulent with glass fiber reinforced
plastics. Lubricants such as oil and grease work
very well if boundary layer lubrication is not broken
down. Fretting inside a crankcase or in any oil mist
environment is practically unknown. This is not a
practical solution in most exterior applications,
however, since periodic renewal of the lubricant
film is required and cannot be guaranteed.

the fretting fracture line of Figure 3 was constructed. From this it appears that fretting
fracture must have an additional crack driving mechanism which has an intensity multiplication factor
of roughly two orders of magnitude. This factor
might behave similarly to Ksec , the stress corrosion
cracking intensity which depends upon residual stress
and chemical action to provide the crack driving
force.

In the author's experience the only dependable means
of eliminating fretting failures is to completely
suppress the relative motion between the contacting
surfaces. This means that even microscopic motions
between contacting surfaces must be stopped. One of
the best methods for accomplishing this is to use
interference or "shrink" fits between well fitted
components. :For the shaft and coupling used as an
example here, the initial contact area between ne~1
well-machined components was only about 20% of their
matching area as shown by line to line fitting with
"Prussian Blue". Lapping the contact area for a few
moments with a medium valve grinding compound improved this to over 80%. With this much contact area
at line to line, an interference fit of about 0.001
in, on the shaft diameter was found by elementary
strength of materials calculations to provide adequate frictional force resistance to the maximum
driving loads.

The appearance of the fracture surface provides some
clues as to the required additional crack driving
mechanism. The entire surface is lightly abraded
and covered with oxide. This suggests that some of
the abrasive surface oxide or'cocoa"forme d by the
fretting process may have dropped into the early
cracks \'lhich created a wedge and provided the seed
mechanism for continuous fretting of the transverse
fracture surface. The debris wedge must keep the
crack open at all times and provide a high tensile
mean stress on the crack tip which in league with
the torque pulsations keeps the crack moving at the
low cycle-high stress fatigue rate. If this were
not the case, the small initial cracks would simply
grow into the low stressed area below the active
stress field of the surface asperities estimated
above to be about 0.003 in. radius. This size is
the same order of magnitude as the asperities themselves. Here the cracks would arrest as indicated
by the early stress intensity being far below the
normal crack propagation threshold. Figure 3 then
suggests that the fretting mechanism has inherent
to it a factor of approximately 100 which when
applied to the normally calculated stress intensity
produces a fretting stress intensity KIF which then

With the existing shaft taper of 1 in 8, this means
that the coupling must be forced 0.008 in. onto the
shaft after line to line contact. It is not possible
to draw the coupling onto the shaft with the end
securing screw and washer. Heating the coupling is
one practical method of assembly, the classic
"shrink £it'' technique. Manufacturers of large
rotating equipment routinely use hydraulic pressure
assembly equipment for this task. In any event, it
is found to be well worthwhile to assemble couplings
with the proper interference fit since this will
completely stop fretting.

indicates the propensity for the very small cracks
to propagate steadily and rapidly to catestrophic
failure.

ELIMINATION OF FRETTING
Much of the literature dealing with fretting is concerned with tabulating pairs of materials which will
or will not fret under various environmental conditions. Experience has shown that there are very few
if any combinations of materials which will not fret
under any conditions with absolute dependability.

CONCLUSIONS
An example of a shaft failure initiated by fretting
examined fractographica lly with ordinary stress
analysis, and fracture mechanics concepts. Each
technique provides certain insights and when all are
combined, an interesting resolution of an otherwise
inexplicable failure is provided. Without combining
all these tools, an understanding of the failure is
not possible. The insight obtained from this exercise helps to explain why fretting failures are so
unpredictable and for that reason so dangerous to
machine reliability. Where fretting exists no
matter how mild, pits will be formed and cracks running from their bottoms are an inherent possibility.
Once fretting cracks are formed, even though very
small, the fretting stress intensity, KIF is likely

wa~

Certainly many of the co=only used engineering materials will fret readily under normal conditions. In
che author's experience, fretting ranks closely
behind ordinary fatigue and perhaps ahead of corrosion as a source of failures in machinery components.
This indicates a serious problem and it is rather
surprising that so little systematic attention has
been paid to it over the years.
Another popular method of attempting to eliminate
fretting in existing machines is to provide an interlayer of non-fretting material between the faying
surfaces. This may take the form of lubricants like
oil or grease. Interlayers of fabric, paper, or
some other more durable material are also often used.
Unfortunately inmost instances these remedies offer
only temporary or occasional relief from the failure
problem. Paper and fiber compounds often fret metals
as badly as other metals do. In recent years fretting of plastics on metals has been noted and this

to drive the cracks rapidly to complete failure. It
should be noted that the delay period for fretting
pit cracks to form may be quite long but where fretting exists the potential for catastrophic failure
is present.
Fretting in interference fit assemblies is rather
easily eliminated. This is not the case for rivetted, bolted, or pinned joints; however, and in these,
fretting remains a serious failure mechanism even
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with dissimil ar material s and interlay ers. With
regard to these assembli es, the ideas develope d in
this paper have consider able potentia l for clarifying the fracture analysis process.
Fig. 1

Fig. 2

Fracture details

General features

a. View of the failure initiatio n site with the
surface fretting conditio n. Note that the fracture
surface is relative ly rough without arrest markings
indicatin g that crack growth was rapid. BX

a. General appearan ce of a fracture and the components. The coupling has been slipped down the taper
to reveal the dark fretting area.

b. Fretting pit initiatio n sites at the shaft
surface. The pits are approxim ately 0.001 in. deep.
The rough surface indicate s high stress, low cycle
fatigue. 60X
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b. Helical fracture surface of the shaft nose showing the location of initiatio n just inside the
coupling contact area at the fretted surface.
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